In Cymbidium sinense, the pattern of embryo development is unusual in that oblique cell divisions result in the formation of several suspensor cells prior to the development of the embryo proper. Characteristic changes in microtubular distribution can be found within the zygote and the proembryo during their development. After fertilization, the ellipsoid-shaped zygote has randomly distributed microtubules within its cytoplasm. As the zygote takes on a more rounded appearance, microtubules organize into a dense meshwork. Furthermore, microtubule bundles appear at the chalazal region of the cell prior to the first mitotic division of the zygote. At the preprophase stage of mitosis, a preprophase band of microtubules appears in the cytoplasm of the zygote. The zygote divides obliquely and unequally and gives rise to an apical cell and a slightly larger basal cell. Many randomly-aligned microtubules can be found in the cortex of the basal cell. The increase in the abundance of microtubules coincides with the isotropic expansion of the basal cell. The early division of the basal cell and subsequent division of the apical cell results in the formation of a four-celled embryo, of which three cells near the micropylar pole develop as suspensor cells. In the suspensor cells, the microtubules tend to orient in the same direction as the long axis of the cell. In addition, prominent microtubules can also be found near the adjoining cell walls of the four-celled embryo. The terminal cell is highly cytoplasmic with abundant microtubules within the cell. Subsequent divisions of the terminal cell give rise to additional suspensor cells and the embryo proper. In the mature embryo, five suspensor cells are usually present ; one eventually grows through the micropyle of the inner integument and four grow towards the chalazal pole. The cortical microtubules of suspensor cells redistribute from a longitudinal to a transverse direction as they grow towards their respective poles.
INTRODUCTION
Due to the small size and inaccessibility of the zygote and proembryo in flowering plants many events related to their development are not well understood. In orchids, although the zygote and proembryo are also small, these structures are protected by a simple seedcoat making them more suitable for isolation and experimental manipulation, such as the staining of cytoskeletal elements. Furthermore, unlike most flowering plants, ovules of many orchids are usually undeveloped until successful pollination has occurred. This event triggers the proliferation of placental tissues and ovule formation (Yeung and Law, 1977) . As a result, fertilization is delayed for several months in some genera until the ovules are fully developed. The long developmental timetable makes the orchid an ideal system for studying ovule and embryo development because defined stages of development can be obtained Ye, 1994, 1996 ; Zee and Ye, 1995) .
In an earlier study, we documented the developmental changes during embryo development of Cymbidium sinense (Yeung et al., 1996) . In this orchid, the pattern of embryo development is unusual in that oblique cell divisions result in the formation of several suspensor cells prior to the § For correspondence. Fax 852 2858 3477. development of the embryo proper. Although the control of this pattern of embryo development is still unknown, microtubules are generally believed to be involved. It has been shown that microtubules are involved in development of the embryo sac Gunning, 1990, 1994 ; Huang and Sheridan, 1994 ; Zee and Ye, 1995) , embryo (Webb and Gunning, 1991) , endosperm (Brown, Lemmon and Olsen, 1994 ; XuHan and van Lammeren, 1994) , and suspensor cell (Ye, Zee and Yeung, 1997) . Therefore, the elucidation of cytoskeletal involvement and behavior in such diverse patterns of embryo development promises to be helpful in understanding the role of the cytoskeleton during embryo morphogenesis in angiosperms. In this study we detail changes in the microtubular pattern within the embryo sac from post-fertilization through to the proembryo stage of embryo development in Cymbidium sinense.
MATERIALS AND METHODS

Plant material
The general protocol for tissue collection and processing was essentially the same as reported earlier (Yeung et al., 1996) . Plants of Cymbidium sinense (Andr.) Willd were grown in a glasshouse at the Department of Botany, University of Hong Kong. Flowers were hand-pollinated from the end of February to the beginning of March.
0305-7364\98\060741j10 $25.00\0 bo980628 # 1998 Annals of Botany Company F. 1. Longitudinal section of an embryo sac showing a young zygote (Z) and the endosperm (En). Note that the zygote has a conspicuous nucleus located at the centre of the cell and a number of nuclei can be seen within the endosperm. M, micropyle. Bar l 20 µm. F. 2. Anti-tubulin immunofluorescence staining of an isolated embryo sac showing microtubules at the periphery of the zygote (Z) (arrow) and the endosperm (En) (arrowhead). Bar l 10 µm. F. 3. The organization of microtubules in a developing zygote (Z). A, Optical section of the zygote showing the formation of a highly concentrated array of microtubules in the cortical region near the chalazal pole (arrowheads). B, A deeper optical section of the same cell shown in (A). Note that dense microtubules aggregate at the chalazal end of the zygote (arrowhead). The rest of the cytoplasm is occupied by a loose microtubule network (arrow). En, endosperm. Bar l 10 µm.
Approximately 35 developing fruits were collected for cytological analysis. Fertilized ovules and developing seeds were dissected from the fruit and processed for histological examinations.
Light microscopy
Developing fruits were fixed and processed as reported in Yeung et al. (1996) . Sections from different stages of developing fruits were fixed in 1n6 % paraformaldehyde and 2n5 % glutaraldehyde in 0n05  phosphate buffer at pH 6n7. After fixation, material was dehydrated through a methyl cellosolve and ethanol series, infiltrated with Historesin and later embedded in the same resin (Yeung and Law, 1987) . Serial sections 2 µm thick were cut using glass knives on a Reichert 2040 Autocut microtome. These sections were stained with periodic acid-Schiff's reagent (PAS) and counterstained with either toluidine blue O or amido black 10B (Yeung, 1984) .
Fixation and isolation of embryo sacs
Embryo sacs were processed for fluorescence microscopy as previously reported (Huang et al., 1993) and modified as below. Seeds of Cymbidium sinense were dissected and immediately pre-incubated in a PEMG buffer (50 m Pipes, pH 6n9, 5 m EGTA, 2 m MgSO % , and 4 % glycerol) containing 10 % DMSO and 400 µ m-maleimidobenzoic acid -hydroxysuccinimide ester for 15-20 min and then fixed in freshly prepared 4 % paraformaldehyde in PEMG buffer containing 10 % DMSO and 0n5 % Triton X-100 for 45-60 min. After fixation, seeds were washed three times in PEMG buffer and then incubated in an enzyme solution consisting of 1 % cellulase ' Onozuka ' R-10 (Yakult Honsha Ltd., Japan), 1 % pectinase (Sigma, USA) and 0n3% pectolyase (Sigma, USA). The digestion time varied from 45-60 min. After rinsing three times with PEMG buffer, the embryo sacs containing the zygote or developing embryos were completely or partly isolated with the aid of an inverted phase contrast microscope. The isolated embryo sacs were further extracted with 1 % Triton X-100 for 30 min and processed immediately for microtubule staining.
Microtubules and nuclear DNA staining
After rinsing the isolated embryo sacs three times with PEMG buffer and three times with PBS buffer, they were then processed for microtubule staining. Material was first incubated in a mouse IgG monoclonal antibody against α-tubulin (Sigma, USA), diluted 1 : 100 with PBS for 1 h at 37 mC, then incubated in a mixed solution containing FITCconjugated goat anti-mouse IgG (Sigma, USA) diluted Control experiments were conducted as follows : (1) omission of primary antibody ; (2) omission of secondary antibody ; and (3) omission of both antibodies. No staining was detected in any control experiment.
RESULTS
Microtubular configuration and changes in the zygote
Embryo sac development in Cymbidium sinense was triggered by pollination and the embryo sacs were well developed 70-90 d after pollination (Zee and Ye, 1995) . Following fertilization, the newly formed zygote was ellipsoidal in shape with a large, centrally-located nucleus ( Fig. 1 ). Randomly oriented microtubules were found in the periphery of the cytoplasm of the zygote (Fig. 2) . The zygote enlarged in size and took on a more rounded appearance. At this time, the microtubules became organized as a meshwork in the cytoplasm of the cell. In addition, a dense array of microtubules began to appear in the cortical region near the chalazal pole (Fig. 3) . The fluorescent intensity increased further at the chalazal pole of the zygote as the microtubules aggregated into large bundles (Fig. 4) . This distribution pattern of microtubules persisted until the preprophase of zygotic division.
At about 100-110 d after pollination, the zygote began to divide mitotically. Two populations of microtubules appeared in the zygote as it entered the preprophase stage : (1) a transversely oriented array near the mid-zone of the cortex ; and (2) a reticulate array in the cytoplasm (Fig. 5) . Initially, the transversely oriented array of microtubules organized itself into a broad preprophase band (PPB) and encircled the cell cortex. As preprophase progressed further, the PPB became narrower and compact, transversely girdling the zygote (Fig. 6 ). The first mitotic division soon followed.
Suspensor and embryo de elopment
The first mitotic division of the zygote was oblique and slightly asymmetric, giving rise to a larger basal cell and a smaller apical cell. The newly formed basal cell began to vacuolate, characterized by small vacuoles seen throughout the cytoplasm (Fig. 7) . At the early two-celled embryo stage, F. 7. An embryo sac at the two-celled embryo stage. Note that there is a small apical cell (A) at the chalazal end. A larger basal cell (B) occupies the micropylar end and small vacuoles are seen throughout the cytoplasm. En, endosperm. Bar l 20 µm.
a meshwork of microtubules was present in the cytoplasm of the apical cell and a loose reticulate array of microtubules was found in the cytoplasm of the basal cell (Fig. 8 A) . In addition, a compact array of microtubules was found near the adjoining walls between the two cells (Fig. 8 B) . In the late two-celled embryo stage, the prominent microtubular band disappeared from the adjoining walls of the cells. The basal cell enlarged and became spherical in shape with numerous microtubules in the cortical region (Fig. 9) . However, the cortical microtubules in the apical cell were sparsely distributed (Fig. 9 A) . The basal cell soon divided, generating two suspensor cells. These two cells, together with the apical cell, formed a three-celled embryo (Fig. 10) . In the early three-celled embryo stage, microtubules were initially organized as a loose meshwork in the cytoplasm of the apical cell (Fig. 11) . As the apical cell developed further, this meshwork became denser in the cytoplasm (Fig. 12 B) . A dense array of microtubules was also localized in the cortical region of the suspensor cell adjacent to the apical cell (Figs 11 and 12 A). Numerous microtubules were found to orient parallel to the long axis of the most micropylar suspensor cell (Fig. 12 B) .
The apical cell soon divided once resulting in the formation of two cells : an additional suspensor cell and a terminal cell. The division of the apical cell was characterized by the formation of a phragmoplast at cytokinesis. In the median optical section, the phragmoplast was seen to align near the mid-zone of the apical cell (Fig. 13) . The early division of the basal cell and subsequent division of the apical cell resulted in the formation of a four-celled embryo with the three suspensor cells located at the micropylar end of the embryo and the terminal cell occupying the chalazal end (Fig. 14) . Early in the four-celled embryo stage, a network of microtubules was present in all four cells ; once again microtubules were concentrated at the adjoining walls (Fig. 15) . As the embryo developed further, the suspensor cells became highly vacuolated and began to increase in size ; the terminal cell, on the other hand, remained cytoplasmic ( Fig. 16) . At this time, numerous microtubules could be found in the cortical regions of all embryo cells, especially near the walls where the cells met (Fig. 17) .
The terminal cell near the chalazal end of the seed divided once and gave rise to an additional suspensor cell. This suspensor cell and the other four cells were organized as a five-celled embryo with four suspensor cells at the micropylar pole and an apical cell at the chalazal end (Fig. 18) . The distribution of microtubules was distinctly different in the terminal and suspensor cells : microtubules were found throughout the cytoplasm of the terminal cell but were primarily observed in the cortical region in suspensor cells (Fig. 19 ). An additional suspensor cell was produced by the terminal cell prior to the formation of the globular embryo. The micropylar suspensor cell extended towards the micropyle and the remaining suspensor cells elongated towards the chalazal end of the seed (Fig. 20) . The elongation of the suspensor cells was accompanied by the re-orientation of microtubules from a longitudinal (Fig. 20) to a transverse direction (Fig. 21) . In the rapidly elongating suspensor cells, numerous microtubules were transversely distributed in the cortex of the cells (Fig. 21) . When the suspensor cells were well developed, they were pressed against the inner seed coat extending towards either the micropylar or the chalazal end. The terminal cell continued to divide and gave rise to the embryo proper (Fig. 22) .
Cytoskeletal organization in the endosperm
After fertilization, the nuclei from the central cells and the antipodals congregated at the centre of the cell forming the polar chalazal complex (Fig. 1) . The nuclei of the polar chalazal complex appeared to be free from one another (Figs 10, 14 and 16 ; see also Yeung et al., 1996) . Soon after fertilization, microtubules in the endosperm were seen to distribute randomly at the periphery of the cell (Fig. 2) . As the zygote became spherical, microtubules were organized as a reticulate network in the cortical region of the endosperm (Fig. 4B) . Endosperm development appeared to be stagnant ; this was reflected by the absence of nuclear divisions in the endosperm. Nuclei aggregated in the centre of the endosperm (Figs 1, 10 and 16) . A microtubular network could still be discerned in the cortex of the endosperm up to the four-celled stage of embryo development (Fig. 13B) . As the embryo developed further, the endosperm cavity became smaller. The nuclei within the endosperm became compressed (Fig. 16) . The endosperm was no longer recognizable as the embryo reached the globular stage of development (Fig. 22) pattern could not be discerned as the endosperm disintegrated.
DISCUSSION
A variety of embryo development patterns have been recognized in Orchidaceae, especially in suspensor morphology (Swamy, 1949) ; the Cymbidium type is one variant, characterized by its irregular pattern of early divisions and unique filamentous suspensor cells (Yeung et al., 1996) . Although early divisions of embryo cells in Cymbidium sinense are oblique, the same pattern was consistently found in all the embryos studied. There are three distinct features of embryo development in this species : (1) two consecutive oblique divisions occur in the early stage ; (2) five suspensor cells are normally recognized ; and (3) the endosperm fails to develop during embryogenesis. In this study we found that changes in microtubule behaviour and patterns of embryo development coincide with the above-mentioned pattern of embryo development. The changes in microtubule distribution are summarized in Fig. 23 .
Organization and changes in the zygote cytoskeleton
The first notable change is that re-orientation of microtubules coincides with changes in the cell shape of the zygote (Fig. 23 AI) . The zygote shape changes from ellipsoidal to spherical with an accompanying re-orientation of microtubules from a random distribution to a net-like configuration in the peripheral region of the cell. A similar observation has been made in Arabidopsis thaliana, with microtubular organization changing from a random to transverse orientation as the zygote elongates (Webb and Gunning, 1991) . Random orientation of microtubules in the cell cortex is believed to function in isotropic expansion of the cell, whereas transverse distribution of cortical microtubules may contribute to elongation of the cell (Webb and Gunning, 1994) . In Cymbidium sinense, the net-like configuration of microtubules in the zygote may play a role in maintaining the spherical shape of the zygote as it matures. The difference in microtubule arrangement in zygotes of these two species may reflect differences in their subsequent development. The second prominent feature of the changes in microtubular pattern in the zygote is that dense microtubule bundles congregate in the chalazal-region (Fig. 23 A, II, III) . The presence of dense microtubules in this region suggests that they may be involved in cellular events ; however, their function remains to be elucidated. As the terminal cell from the first zygotic division arises from the chalazal portion of the zygote, the presence of the microtubule bundles indicates that cytoplasmic differentiation occurs within the zygote cytoplasm.
The change in the preprophase band (PPB) in Cymbidium sinense is revealed in the present study and is depicted in Fig. 23 B. A PPB, marking the site of a new cell wall, has been recorded in a variety of somatic plant cells, but it is suppressed throughout megasporogenesis and megagametogenesis and is re-established during mitosis of the zygote (Hogan, 1987 ; Webb and Gunning, 1991) . Microtubules are initially aligned as a wide transverse band in the cortex of the zygote which becomes a narrow, compacted band before the prophase of mitosis. In Arabidopsis, such a change in the microtubule pattern of the PPB in the zygote was not found due to the extremely short duration of this stage (Webb and Gunning, 1991) . The detection of a PPB in Cymbidium is most likely due to the long period required for ovule and embryo development in orchids. A similar transition of microtubular PPB has only been reported in somatic cells (Wick, 1991) . We also observed that actin filaments were coaligned with microtubular PPBs in the zygote (Huang, unpubl. res.) , as previously reported in meristem cells (Palevitz, 1987) and cultured somatic cells (Kakimoto and Shibaoka, 1987) . Our observations indicate that microtubules and actin filaments in the zygote, like those in somatic cells, contribute to PPB formation.
Microtubule organization and its possible role in the de elopment of suspensor cells and the embryo proper
The developmental pattern and microtubule changes from the two to eight-celled embryo are outlined in interesting phenomenon of microtubule behaviour that was revealed in this study is that cortical microtubule arrays concentrate in the peripheral region between the apical and basal cell as well as the adjoining walls of embryo cells up to the four-celled stage of embryo development (Fig. 23 C II, III) . Although the precise role of these arrays is still unclear, the congregation of microtubules at the adjoining walls where the cells meet may serve as an anchor and provide support for the expansion and elongation process that follows. The presence of a dense meshwork of microtubules in the cytoplasm of the terminal cell is also a prominent feature of embryo development (Fig. 23 C II, III) . The morphology of the terminal cell is significantly different from the suspensor cells. At the three and four-celled embryo stage the terminal cell has a dense cytoplasm. The high density of microtubules within this cell may be required to maintain its integrity. The expansion growth of the suspensor cells can exert a large compression force on the terminal cell. The failure to resolve the fine details of microtubular structure in the terminal cell may partly be due to the abundance of microtubules within a dense cytoplasm. Furthermore, we observed that with increasing age, the microtubules in the terminal cell (and its derivatives which form the embryo proper) became more and more difficult to stain. Changes in cell wall properties such as deposition of cuticular material in the embryo proper (Yeung et al., 1996) , could have resulted in the less than optimal fixation and labelling of microtubules. Further optimization of the procedure is needed for cells in the embryo proper ; however, regardless of microtubular pattern, it is clear that the microtubules are more abundant in the terminal cell than the suspensor cells. Changes in microtubule orientation were found to coincide with the enlargement and elongation of suspensor cells. After two rounds of oblique divisions, the cortical microtubules preferentially orientated longitudinally, parallel to the long axis of the cells (Fig. 23 C III) . As the suspensor cells began to elongate and extend towards their respective poles, microtubules became transversely aligned to the long axis of the suspensor cell (Fig. 23 C IV, V) . A similar orientation of cortical microtubules in the suspensor cell was reported in Arabidopsis (Webb and Gunning, 1991) and Nun orchid (Ye et al., 1997) . Such configurations of microtubules in either somatic or embryo cells are generally accepted as having a major role in cell shaping and elongation (Gunning and Hardham, 1982 ; Webb and Gunning, 1991 ; Ye et al., 1997) . In Arabidopsis, the basal cell undergoes a series of transverse divisions to generate a uniseriate suspensor. Transversely oriented microtubules are constantly manifested in the cortical cytoplasm of the developing suspensor cells (Webb and Gunning, 1991) . In the Nun orchid, as the suspensor consists of a single cell, the change in microtubule pattern appears different from the aforementioned species. Initially transverse microtubules are present at the cortex of the suspensor cell. As the suspensor cell enlarges, microtubules are absent from the cortical region. It is only at the final extension phase that a cortical array of microtubules reappears (Ye et al., 1997) . These results indicate that microtubules behave differently in diverse developmental modes of suspensor cells.
Organization of the cytoskeleton in the endosperm
Like many orchid species, the endosperm in Cymbidium sinense fails to develop. This can be attributed, in part, to the fact that nuclear fusion often does not take place after fertilization (Arditti, 1992) . In typical angiosperm species, the endosperm nuclei fuse and begin to divide earlier than those of the zygote. These are characterized by phase changes of dividing nuclei and microtubular patterns (Brown et al., 1994 ; XuHan and van Lammeren, 1994) . In Cymbidium sinense, besides incomplete nuclear fusion, the presence of antipodal nuclei within the endosperm (see Figs 3 and 6 in Yeung et al., 1996) may have interfered with further endosperm development. The lack of endosperm development could account for the failure in macromolecular synthesis such as tubulin production. The distribution of microtubules is mainly cortical, appearing as a network configuration (Fig. 23 A and B) and little change could be found during the early stages of embryo development. This pattern of microtubule distribution in the endosperm reflects its stagnant development in this species. The actin filaments were also found in the cortex of the endosperm during the early stages of embryo development.
The pattern of actin organization is similar to that of microtubules (Huang, unpubl. res.) . These cortical arrays of cytoskeleton are believed to participate in controlling the shape and integrity of the coenocytic embryo sac and endosperm Lambert, 1985, 1990 ; Huang et al., 1990 ; Webb and Gunning, 1994) . Further comparative studies are required in order to gain insights into the role of cytoskeletal elements in orchid endosperm development.
